Abstract High temperature is a major abiotic stress limiting animal growth and productivity worldwide. The Muscovy duck (Cairina moschata), sometimes called the Barbary drake, is a type of duck with a fairly unusual domestication history. In Southeast Asia, duck meat is one of the top meats consumed, and as such, the production of the meat is an important topic of research. The transcriptomic and genomic data presently available are insufficient to understanding the molecular mechanism underlying the heat tolerance of Muscovy ducks. Thus, transcriptome and expression profiling data for this species are required as important resource for identifying genes and developing molecular marker. In this study, de novo transcriptome assembly and gene expression analysis using Illumina sequencing technology were performed. More than 225 million clean reads were generated and assembled into 36, 903 unique transcripts with an average length of 1,135 bp. A total of 21,221 (57.50 %) unigenes were annotated. Gene Ontology (GO) analysis of the annotated unigenes revealed that the majority of sequenced genes were associated with transcription, signal transduction, and apoptosis. We also performed gene expression profiling analysis upon heat treatment in Muscovy ducks and identified 470 heat-response unique transcripts. GO term enrichment showed that protein folding and chaperone binding were significant enrichment, whereas KEGG pathway analyses showed that Ras and MAPKs were activated after heat stress in Muscovy ducks. Our research enriched sequences information of Muscovy duck, provided novel insights into responses to heat stress in these ducks, and serve as candidate genes or markers that can be used to guide future efforts to breed heat-tolerant duck strains.
Introduction
The Muscovy duck (Cairina moschata), sometimes called the Barbary drake, is a type of duck with a fairly unusual domestication history. Muscovy ducks are native to the tropical climates of Central and South America, Mexico, and extreme southern Texas in the USA. Muscovy ducks were intentionally released in the USA by private individuals, businesses, and governmental organizations as an ornamental species believed to enhance the aesthetic appeal of urban parks and lakes. In Florida, Muscovy ducks have been reported in nearly all 67 counties. These large ducks are extremely common in urban parks and near lakes, ponds, and streams because people often feed them at these sites. In Southeast Asia, duck meat is one of the top meats consumed, and as such, the production of the meat is an important topic of research (Aronal et al. 2012) . In China, Muscovy breeds are popular because they have stronger tasting meat than the usual domestic ducks, which are descendants of the Mallard (Anas platyrhynchos). Additionally, the meat is lean when compared to the fatty meat of mallard-derived ducks; its leanness and tenderness are often comparable to that of veal (Saez et al. 2009 ). The carcass of a Muscovy duck is also much heavier than most other domestic ducks, which makes it an ideal food source.
Despite the economic and commercial importance of Muscovy duck, there have been few genomics studies on this bird species. There are only 1,158 nucleotide sequences available in the NCBI GenBank as of 21 September 2014 (http:// www.ncbi.nlm.nih.gov/GenBank/). The lack of sequence information for species of duck family has greatly delayed their research at the molecular level.
Warming of the climate system is unequivocal, and since the 1950s, many of the observed changes are unprecedented over decades to millennia. Until now, there are about 30,000 papers in PubMed focusing on heat stress response. Many questions regarding the function of molecular chaperones and heat-shock response in general have been answered in the last few decades. Still, the accurate regulation of heatshock response is not comprehensively understood. High temperature can retard animal or plant growth, development, and yield; therefore, agriculture will be seriously affected by global warming in the future (Sohail et al. 2012; Li et al. 2013 ). The Muscovy duck was mostly bred in the southern China, where the temperature was much higher than the northern part. Knowledge of heat-responsive genes and proteins is therefore critical for further understanding the molecular mechanisms of stress tolerance in this species.
Massively parallel sequencing including next generation sequencing (NGS) techniques like 454 pyrosequencing/ Roche, Illumina/Solexa GAIIx, ABI/SOLiD, Pac Biosciences/PacBioRS, and Helicos Biosciences/tSMS, and DRS have been widely applied for transcriptome analysis (Ma et al. 2012; Fang et al. 2012; Santos et al. 2012) . These efficient, sensitive, reliable, and cost-effective sequences technologies do not require prior knowledge of genomic sequence and have been used to characterize the transcriptomes of animal for gene discovery, marker development, and understanding gene regulatory networks of important biological processes (Martin et al. 2013; Edwards et al. 2012; Bhardwaj et al. 2013; Frey et al. 2014; Tan et al. 2013) .
In this study, we conducted transcriptome analysis using Illumina sequencing technology for the purposes of (1) enriching the genomics resource of Muscovy ducks and (2) providing a deeper understanding of the molecular mechanisms regarding Muscovy duck responses to heat stress. More than 60 million reads from normal and heat-treated Muscovy ducks were obtained and assembled into 36,903 unique sequences. We then compared global expression profiles of Muscovy duck liver between normal and heat stress conditions and identified a number of heat stress-responsive genes. This study will provide novel insights into the molecular mechanism that underlies the heat stress response as well as candidate genes or markers that can be used to guide future efforts to breed heat-resistant duck strains.
Methods

Animal and stress treatment
The animal care and used protocol was approved by the Institutional Animal Care and Use Committee of Nanjing Agricultural University (Nanjing, China). Muscovy ducks were raised in Yuyao, Zhejiang Province, China. Animal stress was performed as described previously . The animals were kept in a temperature-controlled room with flowing air and sufficient water and fed a standard diet three times daily during the experimental period. For the hyperthermia challenge, ducks were maintained at 20°C for 2 weeks before the experiments. The temperature was increased at 10°C h −1 from 20 to 39±0.5°C. Experiment group ducks were kept at 39±0.5°C for 1 h while the control group ducks were kept at 20°C for the same time. Each group has two replicates. Livers were collected from each individual in all groups and stored at −80°C until analyzed.
RNA isolation and library construction for transcriptome analysis
Total RNA extraction, mRNA purification, and cDNA library construction were conducted by LC Sciences (Houston, TX, USA). Briefly, total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's procedure. Total RNA quantity and purity were analyze using Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit (Agilent, Palo Alto, CA, USA) with RIN >8.0. Approximately 10 μg of total RNA of each liver sample was used to isolate Poly(A) mRNA with poly-T oligo-attached magnetic beads (Invitrogen). Following purification, the mRNA is fragmented into small pieces using divalent cations under elevated temperature. Then the cleaved RNA fragments were reversetranscribed to create the final cDNA library in accordance with the protocol for the mRNA-Seq Sample Preparation Kit (Illumina, San Diego, CA, USA), and the average insert size for the paired-end libraries was 300 bp (±50 bp). Subsequently, we performed the paired-end sequencing (100 bp) on an Illumina HiSeq 2500 at the LC-BIO following the vendor's recommended protocol.
De novo assembly and annotation Before assembly, high-quality clean reads were generated from the raw reads by removing adapter sequences, duplicated sequences, low-quality reads with ambiguous bases ("N" >5 %) and reads with more than 10 % of Q value <20 bases. All subsequent analyses were based on clean reads. The resulting high-quality cleaned reads were assembled de novo into contigs using Trinity with strand-specific option "-SS_lib_type" set to "F" and "min_kmer_cov" set to 2 (Grabherr et al. 2011) . The overlapped reads were first connected to form contigs, and then mapped back to the contigs so that the different contigs and their distances from the same transcript were estimated and assembled to form the longer sequence, which were unigenes. The contigs were again mapped back to the unigenes to obtain the final unigenes that could not be extended on either end. BLASTX alignment was conducted with a cutoff E value of le −5 between unigenes and Nr (non-redundant), Swiss-Prot (a manually annotated and reviewed protein sequence database), Pfam (protein family), KEGG (Kyoto Encyclopedia of Genes and Genomes), and COG (Clusters of Ortholog Groups). GO terms were assigned to the Muscovy duck assembled transcript based on the GO terms annotated to their corresponding homologues. To predict and classify possible functions, unigenes were also compared against the COG database. Biochemical pathways were predicted from the Muscovy duck transcripts using the Pathway Tools.
Protein coding region prediction (CDS) and EST-SSRs marker identification
The nucleic acid sequences and amino acid sequences of protein-coding region (CDS) were predicted by using Genescan. MISA (http:pgrc.ipk-gatersleben.de/misa/) was used to identify the potential SSR makers in all of the unique sequences. More than six di-nucleotides repeats and more than five tri-nucleotide, tetra-nucleotide, penta-nucleotide, and hexa-nucleotide repeats were used as the search criteria for SSRs in MISA script (Zhou et al. 2012 ).
Quantitative real-time PCR analysis
A portion (1 μg) of the total RNA obtained from each extraction was reverse-transcribed in a 20-μL reaction volume by using the TransScript First-Strand cDNA Synthesis SuperMix (TransGen, Beijing, China) following the manufacturer's instruction. The qPCR was performed on an ABI 7300 (Applied Biosystems, Foster City, CA, USA). Reactions were performed in a 20-μL reaction mixture containing 2 μL cDNA template, 0.4 μM forward/reverse primer, 10 μL 2× SYBR qPCR Mix, and 0.4 μL ROX reference dye (Takara, Osaka, Japan). The cycling protocol included an initial step at 94°C for 3 min, followed by 40 cycles of denaturation at 94°C for 10 s, and annealing at 60°C for 30 s. Experiments for the detection of all the genes, including β-actin, were performed in triplicates. The relative expression levels of the genes tested were calculated using the 2 −ΔΔCt method. The data are expressed as means±standard error. Results were considered statistically significant at P<0.05. All of the primers used in this study are listed in Additional file 1.
Results and discussions
Sequencing, de novo assembly, and homology search Strand-specific RNA-seq libraries were prepared from livers of Muscovy ducks (C. moschata) under normal and heat stress conditions. For each condition, two replicates were performed. Additionally, each RNA-seq library was sequenced on an Illumina HiSeq 2500 system. Due to the absence of reference genomic sequences, de novo assembly was applied to construct transcripts from these RNA-seq reads. We used Trinity software for the de novo assembly of the Illumina reads, which has been demonstrated to be efficient for de novo reconstruction of transcriptomes from RNA-seq data (Iyer and Chinnaiyan 2011; Grabherr et al. 2011 Fig. 1 . Homology search for the sequences obtained after clustering was conducted using BLASTX against protein sequences Nr databases at NCBI. We determined the distribution of top hit species and found that the majority of the annotated sequences corresponded to known nucleotide sequences of bird species, with A. platyrhynchos (44.0 %) followed by Gallus gallus (18.2 %), Ficedula albicollis (5.4 %), and Melopsittacus undulates (4.9 %) (Fig. 2) . Normally, almost all sequences of Muscovy duck are similar with A. platyrhynchos, but the sequences information of A. platyrhynchos are not integral in the NCBI.
Functional annotation and classification
Protein functions can be predicted from annotation of the most similar proteins in Nr, Swiss-Prot, Pfam, KEGG, COG, and GO databases. We matched unigene sequences against three protein databases, Nr, Swiss-Prot, and Pfam, and obtained 21, 221, 19,143, and 11,362 unigenes, respectively (Table 2) . Distinct gene sequences were first searched using BLASTX against the Nr database using a cutoff E value of le −5 (Altschul et al. 1990; Jiang et al. 2013) . GO functional annotation was according to the Nr annotation. Of the 21,221 annotated unigenes, 16,596 sequences (44.97 %) were assigned with one or more terms. These 16, 596 unigenes were categorized into 44 GO functional groups, which are distributed under the three main categories: biological process (8,467), cell components (14,927), molecular function (12,563) (Additional file 2). The top 10 groups in the three main categories are shown in Fig. 3 . Within the biological process category, transcription, signal transduction, and apoptosis were the most enriched. Under the cellular components category, the nucleus, integral to membrane, and cytoplasm were the most highly represented GO terms. In the category of molecular function, the most abundant groups included ATP binding, zinc ion binding, and protein binding, and other appealing groups included DNA binding, metal ion binding, and RNA binding. It has been suggested that the genes showing high representation for these processes are from metabolically active developing tissues and are different in function. These processes could be involved in gene regulation and cell defense response via stress signaling pathways, which might be abiotic stress activated (Xu et al. 2013; Bhardwaj et al. 2013; Edwards et al. 2012; Utsumi et al. 2012) .
In addition to GO analysis, COG analysis was used to further evaluate the function of the assembled unigenes. A total of 18,284 unigenes with COG annotations were grouped into 24 functional categories (Additional file 3). Among the 24 COG categories, the cluster for "signal transduction mechanisms" (15.50 %) represented the largest group, followed by "General function prediction only" (15.27 %) and "Posttranslational modification, protein turnover, chaperones" (7.48 %). Only a small portion of the unigenes were assigned to "Cell motility" (0.42 %) or "Cell wall/membrane/envelope biogenesis" (0.53 %) (Fig. 4) . The most abundant cluster in the heat-treated groups was "Signal transduction mechanisms, " indicating that these genes play a vital regulation role in the Muscovy duck senescence and stress response.
KEGG is thought to provide a basic platform for systematic analysis of gene function in terms of the networks of genes products (Kanehisa et al. 2012) . To further predict biochemical pathways from the assembled unigenes, KEGG analysis was also conducted. A total of 20,402 annotated unigenes had significant matches with 8,162 hits in the KEGG database, and the top 25 KEGG pathways are shown in Fig. 5 . The pathways were classified into five main categories: metabolic, genetic information processing, environment information processing, cellular processes, and organismal systems (Additional file 4). As shown in Fig. 5 , focal adhesion, endocytosis, and MAPK signaling pathway were the most represented pathways. These results provide a valuable resource for investigating specific processes, functions, and pathways as well as facilitate the identification of novel genes involved in heat stress tolerance in the liver of Muscovy ducks. 
Frequency and distribution of SSRs in the Muscovy liver transcriptome
SSRs or microsatellites are stretches of short nucleotide motifs ranging from one to six nucleotides in length. These are repeated in tandem and are evenly spread across prokaryotic and eukaryotic genome. Compared with other types of molecular markers, SSRs have many advantages, such as simplicity, effectiveness, abundance, reproducibility, and extensive genomic coverage (Powell et al. 1996) . Thus, SSRs serve as important molecular marker discovery centers for studying linkage maps of animals, genetic analysis for economically important quantitative traits, plant evolution, and breeding studies (Victoria et al. 2011; Sonah et al. 2011) . Using MISA software, after screening, SSRs in the 36,903 unigenes sequences and 7,755 SSRs distributed in 7,326 sequences were identified. Based on the repeat motifs, all SSRs loci were divided into mono-nucleotide, di-nucleotide, tri-nucleotide, quad-nucleotide, penta-nucleotide, and hexa-nucleotide. The most prevalent SSR type was mono-nucleotides (5,093, 65.67 %), followed by tri-nucleotides (1,695, 21.86 %), then di-nucleotides (669, 8.63 %), penta-nucleotide (158, 2.04 %), quad-nucleotide (99, 1.28 %), and hexa-nucleotide (41, 0.53 %) (Table 3) .
Comparative analysis for identification of heat responsive genes
To generate a resource for heat stress responsive genes, representative unigene transcripts showing twofold or greater differential expression were analyzed under control and heat stress conditions in Muscovy ducks. A rigorous algorithm to identify differentially expressed genes was developed based on the method of Audic and Claverie (1997) . For group A (control A vs heat A), 2,935 unigenes were differentially expressed (1,483 up-regulated and 1,452 down-regulated), while for group B (control B vs heat B), 3,897 unigenes were differentially expressed (2,266 up-regulated and 1,631 downregulated). Among these differentially expressed genes, 470 genes were differentially expressed among the two groups (240 up-regulated and 230 down-regulated). The full list of differentially expressed transcript tags can be seen in Additional file 5. We also show a heatmap of 50 differentially expressed genes in Fig. 6 . To investigate the biological significance of the differentially expressed genes regulated by heat stress in Muscovy ducks, it is important to have the GO descriptions, i.e., detailed annotations of gene molecular function, biological process it is involved in, and cellular component of the gene product. Figure 7 illustrates the GO terms of transcripts tags with differential expression. Among the heat stress-induced transcripts, Gos associated with protein folding and chaperone binding were significant enrichment. The ability for an organism encountering stress to regulate cellular processes by transcriptional control can allow it to cope with stress-induced damage of macromolecular components and to avoid extreme cellular damage that can lead to cell death (Lockwood et al. Fig. 2 Species distribution of the top BLAST hits. Homology search for the sequences obtained after clustering was done using BLASTX against protein sequences in the NCBI Nr databases. Maximum homology of Muscovy duck transcripts were observed with A. platyrhynchos 2010). It is well known heat shock proteins (HSPs) and other chaperones are induced by various stress. The increased expression of molecular chaperones is a primary component of the cellular stress response and a key indicator of environmental stress (Kultz 2005; Dahlhoff 2004; Tomanek and Zuzow 2010) . Thus, the enrichment of the GO associated with protein folding and chaperone binding in Muscovy ducks is not surprising. In the present study, two HSPs (HSP70 and DnaJ protein) and other chaperones were strongly induced by heat stress. Upon heat shock, HSPs are activated by a change in Fig. 3 Function classifications of Gene Ontology (GO) terms of all Muscovy duck transcripts. The results are summarized in three main categories: biological process, cellular component, and molecular function. The x-axis indicates the subcategories, and the y-axis indicates the number of genes in the same category Fig. 4 Histogram of Clusters of Orthologous Groups (COG) classification. All unigenes were aligned to the COG database to predict and classify possible functions. Out of 21,221 hits in the NCBI Nr database, 18,284 unigenes were annotated and separated into 24 functional categories their oligomerization state and through phosphorylation; subsequently, they bind to denaturing proteins and prevent their aggregation (Haslbeck et al. 2005) . They exert an antiapoptotic activity and, additionally, enhance the cell's ability to combat oxidative stress (Concannon et al. 2003) . Although there is still uncertainty about the causality versus correlation of these events, HSPs are key players in the collaborative effort of protecting the cell from the stress of heat.
Fifteen genes under the Go category of metal ion binding were enriched in response to heat stress in Muscovy ducks. Three zinc ion-binding genes (GLIS2, ZBTB7A, and TRAF4) were highly expressed in heat stress group than control group. GLIS2 can act either as a transcriptional repressor or as a transcriptional activator, depending on the cell context. It also can repress transcriptional activation by CTNNB1 in the Wnt signaling pathway (Kim et al. 2007 ). ZBTB7A plays a key A total of 20,402 annotated unigenes had significant matches with 8,162 hits in the KEGG database. The pathways were classified into five main categories: metabolic, genetic information processing, environment information processing, cellular processes, and organismal systems role in the instruction of early lymphoid progenitors to develop into B lineage by repressing T cell instructive Notch signals. TRAF4 is an adapter protein and signal transducer that links members of the tumor necrosis factor receptor (TNFR) family to different signaling pathways. It plays a role in the activation of NF-kappa-B and JNK, regulation of cell survival and apoptosis, and regulation of NF-kappa-B in response to signaling through Toll-like receptors (Abell and Johnson 2005) . Genes from these families have been reported to play significant roles in plant response to various environmental stresses (Xu et al. 2013) . In animals, especially waterfowls, there is little transcriptome information available regarding these genes. Therefore, our research may have an important value in understanding the mechanism against heat stress in Muscovy ducks. Ras superfamily GTPases are membrane-bound small GTP-binding proteins that play a vital role(s) in diverse cell physiology, including cell cycle progression, cell division, regulation of cell morphology and motility, and intracellular trafficking of molecular and organelles (Bar-Sagi and Hall 2000; Ridley and Hall 1992) . It has been shown that heat stress can activate Ras, major components of Ras signaling pathways, as demonstrated by pull-down assay using the Ras binding domain of Raf (Han et al. 2002) . In our study, levels of Ras GTPase-activating protein 1 (RASA1) were elevated at heat stress group in Muscovy ducks, indicating that Ras molecular may be directly activated by heat stress. Among the many signaling pathways that respond to mitogens and stresses, MAPK family members are crucial for maintenance of cells through regulating the activities of nuclear transcription factors (Yang et al. 2003; Rubinfeld and Seger 2004) . After heat stress, mitogen-activated protein kinase kinase kinase 6 (MAP3K6) was up-regulated in Muscovy ducks and encodes a MAPK, which is a family of proteins that has been shown to be induced in response to salinity stress in marine mussel (Lockwood and Somero 2011) . In this context, MAPKs are likely to be important regulators of the cell cycle (Kultz and Burg 1998) . Consistent with previous studies, the gene p38 MAP kinase (p38MAPK) was also up-regulated. In rat liver in vivo, heat stress promotes activation of SAPK/JNK and p38MAPK and their upstream kinases (Maroni et al. 2000) . p38MAPK is known to play a role(s) in triggering the apoptotic process in response to various stresses. In addition, p38MAPK activated by a low dosage of oxidative stress is involved in mitotic arrest (Kurata 2000) . Currently, the consequences of p38MAPK activation by heat stress are not clear since mechanism of action is very complicated and diverse.
In order to validate differential gene expression obtained through RNA-seq, a total of six genes were selected out of the transcripts having twofold or greater differential expression under heat stress group, and their qRT-PCR analysis was performed and the results are shown in Fig. 8 . Among those transcripts, we identified genes encoding HSPA1_8 Red means high expression and green indicates low expression Fig. 7 Function classifications of Gene Ontology terms of the differentially expressed genes regulated by heat stress. We divided the sets into the three major Gene Ontology (GO) domains: biological process, cellular component, and molecular function, and the subcategories (y-axis) and percentage (x-axis) of genes were calculated Fig. 8 qRT-PCR verification of six differentially expressed genes. Genes up-regulated and downregulated by heat treatment. β-Actin was used as a reference gene for normalization of geneexpression data. comp26270_c0_ seq1: heat shock 70 kDa protein 1/8; comp10854_c0_seq1: p38 MAP kinase; comp160809_c0_ seq1: Ras GTPase-activating protein 1; comp25753_c0_seq1: mitogen-activated protein kinase kinase kinase 6; comp62407_c0_ seq1: insulin-like growth factor 1; comp26345_c1_seq1: cytochrome P450, family 7, subfamily A (comp26270_c0_seq1), p38MAPK (comp10854_c0_seq1), R A S A 1 ( c o m p 1 6 0 8 0 9 _ c 0 _ s e q 1 ) , M A P 3 K 6 (comp25753_c0_seq1), IGF1 (comp62407_c0_seq1), and CYP7A1 (comp26345_c1_seq1). The expression pattern of these six genes obtained through qRT-PCR data largely corroborated with RNA-seq data. The qRTPCR analysis confirms that RNA-seq approach has provided reliable data regarding differential gene expression of Muscovy ducks under heat stress.
Conclusions
In this report, we present the sequencing, de novo assembly, and analysis of heat-stressed Muscovy ducks using the Illumina sequencing technology. The transcriptome is described in details in the "Results and discussion" section, with an emphasis on annotation using the Nr, Swiss-Prot, Pfam, KEGG, and COG databases. We generated more than 225 million clean reads and assembled 36,903 unigenes. We also performed gene expression profiling analysis upon heat treatment in Muscovy ducks and identified 470 heat-response unique transcripts. GO term enrichment showed that protein folding and chaperone binding were significant enrichment. KEGG pathway analyses showed that Ras and MAPKS were activated after heat stress in Muscovy ducks. Our research enriched sequences information of Muscovy duck, provided novel insights into responses to heat stress in these ducks, and served as candidate genes or markers that can be used to guide future efforts to breed heat-tolerant duck strains.
